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O besity is now a large-scale global epidemic that develops from a complex interaction between genotype and environment, including social, behavioral, cultural, physiological, and metabolic factors. 1 The consequences of being overweight or obese include increased incidence of hypertension, hyperlipidemia and hyperinsulinemia, insulin resistance, and diabetes mellitus. 2 Clinical evidence suggests that sympathetic activation participates not only in the initial elevation in blood pressure but also in maintaining the hypertension. 3 Obesity is closely linked to increased sympathetic nerve activity (SNA) to the kidneys and skeletal muscle vasculature and is linked to the accumulation of body fat. 4 Our focus has been on the mechanism underlying the increase in blood pressure and, in particular, the role of the sympathetic nervous system in the development of the hypertensive state. We have demonstrated that 3 weeks of high-fat diet (HFD) feeding leads to increased mean arterial pressure (MAP), heart rate (HR), and renal SNA (RSNA) in rabbits. 5 Importantly, we have shown that ganglion blockade completely abolishes the increase in blood pressure suggesting that this model of obesity hypertension is neurogenic. 6 We suggested that the mechanism of the hypertension involved sympathetic activation and increased responsiveness to central sympathoexcitatory effects of leptin owing to increased plasma leptin arising from visceral fat accumulation. 5, 6 Leptin is an adipokine that plays an important role in regulating energy intake and energy expenditure, including appetite and metabolism, and acts as a key peripheral hormone in distinct neurons in the hypothalamus. 7 Leptin is secreted primarily by adipocytes and is present in serum in direct proportion to the amount of adipose tissue. 8 Chronic leptin infusion has been shown to increase HR and blood pressure in animal models 9, 10 via stimulation of the sympathetic nervous system. 9, 11 In addition to the rise in leptin, we also observed a marked increase in plasma insulin in rabbits fed a HFD suggesting that insulin may also contribute to the hypertension and increased RSNA in rabbits particularly early in the onset of the HFD before significant accumulation of visceral fat. 5, 6 Thus, both leptin and insulin may contribute to the hypertension, and with the development of specific antagonists it is now possible to determine their relative roles. In the present study, we administered either the insulin receptor antagonist or the leptin receptor antagonist intracerebroventricularly to conscious rabbits at 1 or 3 weeks after the onset of a HFD.
Materials and Methods
Twenty-seven male New Zealand White rabbits (initial body weight, 2.6-3.1 kg) were housed under controlled light (lights on 6:00 Abstract-Feeding a high-fat diet (HFD) to rabbits results in increased blood pressure and renal sympathetic nerve activity (RSNA) and marked increases in plasma leptin and insulin. We determined the contribution of insulin and leptin signaling in the central nervous system to the increased blood pressure and RSNA during a HFD using specific antagonists. New Zealand White rabbits were implanted with an intracerebroventricular (ICV) catheter and RSNA electrode and placed on a normal or 13.5% HFD for 1 or 3 weeks. Blood pressure, heart rate, and RSNA were recorded before and for 90 minutes after ICV administration of a leptin antagonist (100 µg), insulin antagonist (0.5 U), or vehicle (50 µL) on separate days. Rabbits had higher blood pressure (+8%, +17%) and RSNA (+55%, +71%), at 1 and 3 weeks, respectively, of HFD compared with controls (n=7-11). ICV leptin antagonist reduced blood pressure by 9% and RSNA by 17% (P<0.001) after 3 weeks of HFD but had no effect at week 1. ICV administration of the insulin antagonist reduced blood pressure by ≈5% at both times (P<0.05) but there was no effect on RSNA. Leptin and insulin antagonist doses were confirmed to effectively block the pressor responses to ICV leptin and insulin, respectively. 
Experimental Procedures and Protocol
Rabbits were divided into 3 groups and meal fed either a normal diet (ND, 140 g/d; 2.63 kcal/g) or a HFD (190 g/d; 3.34 kcal/g; 13.3% fat) for 1 or 3 weeks. 5 Rabbits underwent 2 preliminary surgical operations under isoflurane anesthesia (3%-4% in 1 L/min oxygen) after induction with propofol (10 mg/kg IV, Fresenius Kabi, Pymble, NSW, Australia). Carprofen (3 mg/kg SC, Pfizer, North Ryde, NSW, Australia) was given 30 minutes beforehand and 24 hours later for analgesia. An intracerebroventricular (ICV) catheter (Plastics One, Roanoke, VA) was first implanted into the lateral ventricle (coordinates from bregma; 3-mm lateral and 4-mm ventral), 1 week before starting allocated diets, as described previously. 13 Secondly, a recording electrode was implanted on the left renal nerve for the recording of RSNA 14 1 week before the first experiment.
Measurement of Cardiovascular Variables and RSNA
Experiments were conducted in conscious rabbits held in a standard single rabbit holding box. MAP and HR were measured from the central ear artery catheterized transcutaneously. 15 MAP, HR, derived from the pressure pulse, and RSNA were digitized at 500 Hz using an analog-to-digital data acquisition card (National Instruments 6024E, Austin, TX) and averaged over 2 seconds. RSNA was measured in microvolts (μV) normalized to the maximal value that was elicited by the nasopharyngeal reflex (=100 nU), evoked by exposing the rabbit to cigarette smoke. 
Dose-Response Curve and Antagonist Experiments
In separate rabbits, an initial dose-response experiment was conducted using insulin and leptin in rabbits fed a HFD for 1 week (n=5) or 3 weeks (n=4), respectively. After 1 hour recovery, MAP and HR were recorded for 30 minutes followed by an initial 50 µL ICV injection of the vehicle (Ringer's solution, Baxter, Old Toongabbie, NSW, Australia). Doses of leptin (recombinant murine leptin 450-31, Pepro Tech, Inc, Rocky Hill, NJ) or insulin (Actrapid, Novo Nordisk, Baulkham Hills, NSW, Australia) were then given ICV at 30-minute intervals. A time control included 4 injections of 50-µL Ringer's solution (n=6). Each drug was dissolved in 50 µL of vehicle and was given on a separate day with 1 day recovery between each.
In the main experiments, we used a dose of antagonist equivalent to the maximum effective dose of each agonist. To determine whether these doses of antagonist were effective, rabbits, fed a HFD for 1 week, were given 50 µL Ringer's solution ICV or insulin antagonist (0.5 U ICV, S961, Novo Nordisk, Baulkham Hills, NSW, Australia; n=3) followed 30 minutes later by the same dose of insulin. Another group of rabbits (n=4) was fed a HFD for 3 weeks and given Ringer's or leptin antagonist (100 µg ICV, LAN3, mutant mouse leptin L39A/D40A/F41A, Protein Laboratories Rehovot Ltd, Rehovot, Israel) followed 30 minutes later by the same dose of leptin.
Main Experiments
Each rabbit in this cohort received 3 drugs (Ringer's, insulin receptor antagonist, and leptin receptor antagonist) in random order on separate days with 1 day between. Doses were determined from the dose-response experiments and given in a volume of 50 µL. After a 30-minute baseline recording of MAP, HR, and RSNA, all rabbits were administered ICV vehicle (50 µL). Thirty minutes later, 100 µg of the leptin receptor antagonist (n=6-9) or 0.5 U insulin receptor antagonist (n=6-10) or 50 µL vehicle (n=5-9) was administered. MAP, HR, and RSNA were recorded for 90 minutes after each injection. At the end of the experiment rabbits were killed by an anesthetic overdose (160 mg/kg IV, sodium pentobarbitone, Virbac, Milperra, NSW, Australia) and tissues removed (see online-only Data Supplement).
Data Analysis
Values are expressed as mean±SEM and mean±SE of the difference. Data were analyzed by multifactor repeated measures ANOVA that allowed for between and within-animal contrasts. The main effects were diet, antagonist, and week with nonorthogonal contrasts, including (1) comparison between normal and HFD 1 week group, (2) between normal and HFD 3-week group, (3) HFD 1-and 3-week groups, and (4) between insulin and leptin at weeks 1 and 3. For dose-response curves, the between-doses sums of squares were partitioned to determine linear trend. In each case a combined residual term was used as described previously. 16 Type 1 error was controlled using Bonferroni and Greenhouse-Geisser corrections. A P value of <0.05 was considered significant.
Results

Effect of HFD After 1 and 3 Weeks
Mean body weight before the rabbits were placed on their respective diets was 2686±45 g. Rabbits fed a HFD gained 236±91 and 407±113 g after 1 and 3 weeks, respectively (P=0.04 and 0.01, respectively). Body weights of rabbits on a ND for 1 or 3 weeks were similar and hence data from the 2 groups were pooled. The average increase in pooled body weight of ND rabbits was 114±44 g (P=0.03). Caloric intake after 1 week of HFD was 71% greater than in rabbits on a ND (n=6; P group <0.001) but after 3 weeks of HFD, caloric intake had declined markedly and was only 32% greater (n=6; P group <0.001; Table) . In rabbits fed the HFD for 1 week, both MAP (+8%) and RSNA (+55%) were greater than in ND rabbits (P group <0.05; Table) . After another 2 weeks of diet, MAP Values are mean±SEM in rabbits on a normal diet or a high-fat diet for 1 and 3 weeks. P1 is the probability for comparison between normal and HFD 1-week groups, P2 the probability for comparison between normal and HFD 3-week groups, and P3 is the probability for comparison of HFD 1-and 3-week groups and shown in italics if P<0.05. HFD indicates high-fat diet; HR, heart rate; MAP, mean arterial pressure; and RSNA, renal sympathetic nerve activity.
and RSNA increased further to be 18% and 71% greater, respectively, than in ND rabbits (Table) . By contrast, HR was 17% to 19% greater than in ND rabbits after both 1 and 3 weeks of HFD (Table) .
Dose-Response Curves for Administration of Insulin and Leptin
To determine the maximal dose of insulin, increasing doses of insulin were administered ICV (0.0005-0.5 U), which produced dose-dependent increases in MAP in rabbits fed a HFD for 1 week and a trend for MAP to increase after 3 weeks on the HFD (P lin =0.06; Figure 1 ). The increases in MAP at the highest dose were similar in the 2 groups (5.8±3.8 and 4.3±0.8 mm Hg for 1 and 3 weeks of HFD, respectively; Figure 1 ). HR also increased markedly in response to ICV insulin in both HFD groups but the tachycardia was greater after 3 weeks compared with 1 week (16±4 versus 9±3 bpm, respectively; P week <0.05; Figure  1 ). Increasing doses of leptin (5-100 µg) did not change MAP in rabbits on 1 week of HFD but there was a marked increase in MAP after 3 weeks (6.1±1.5 mm Hg at the highest dose of 100 µg; P lin <0.01). Leptin did not alter HR after either 1 or 3 weeks of HFD (Figure 1) . Thus, the doses of insulin and leptin, which produced the maximum increases in MAP, were 0.5 U and 100 µg, respectively. We determined whether the antagonists administered at these doses were effective in blocking the actions of insulin and leptin. In rabbits fed a HFD for 1 week and pretreated with the insulin antagonist, a single dose of insulin (0.5 U) did not alter MAP, compared with an increase in MAP of 5.9±1.2 mm Hg when pretreated with Ringer's solution (P treatment <0.001; Figure 1 ). In rabbits fed a HFD for 3 weeks and pretreated with the leptin antagonist, a single dose of leptin (100 µg) lowered MAP by 4.1±0.9 mm Hg compared with an increase of 4.7±0.6 mm Hg when vehicle was administered before leptin (P treatment <0.001; Figure 1 ). Consecutive 50-µL doses of Ringer's solution did alter MAP or HR (Figure 1 ).
Effect of Insulin Receptor Antagonist
ICV injection of the insulin receptor antagonist (0.5 U) lowered MAP similarly in both HFD groups (−3.9±0.5 and −3.4±0.8 mm Hg for weeks 1 and 3, respectively, averaged over 90 minutes) but not in the rabbits on a ND (P group <0.05; Figure 2 ). The onset of the hypotension occurred within 15 minutes of administration and lasted for the duration of 90-minute recording period. There was a small but significant decrease in HR after insulin antagonist administration in the rabbits fed a HFD for 3 weeks (−5±2 bpm over 90 minutes) compared with ND-fed rabbits in which there was no change in HR (P group <0.01; Figure 2 ). RSNA was not altered by the insulin antagonist in any group ( Figure  2) . Each rabbit received an initial ICV injection of Ringer's solution before the antagonist, which had no effect on MAP, HR, or RSNA over a 30-min period compared with baseline control values (Figure 2 ).
Effect of Leptin Receptor Antagonist
ICV administration of the leptin antagonist (100 µg) produced a marked decrease in MAP of 7.5±1.0 mm Hg (average over 90 minutes) in rabbits fed a HFD for 3 weeks but had no effect on MAP after 1 week of HFD or on rabbits fed a ND (P group <0.001; Figure 3 ). The fall in MAP occurred within 15 minutes of injection and by 30 minutes had completely abolished the difference in MAP between groups. MAP was still attenuated 90 minutes later. The hypotension after administration of leptin antagonist in rabbits fed a HFD for 3 weeks was greater than the hypotension observed after administration of insulin antagonist (F antagonist =14.0; P<0.001) and was accompanied by a reduction in RSNA of 3.4±1.4 nU (P group <0.001), which did not occur immediately but followed a slower timecourse over 90 minutes from administration ( Figure 3 ). Leptin antagonist administration had no effect on RSNA in either the 1-week HFD rabbits or the ND rabbits. The only measureable effect on HR occurred in the 1-week HFD group in which there was a small but significant tachycardia (3±1 bpm; Figure 3 ). The initial ICV injection of Ringer's solution had no effect on MAP, HR, or RSNA (Figure 3 ). 
Adipose Tissue Weight and Body Composition
Adipose tissue weight (removed manually from perirenal, omental, and epididymal areas and between the scapulae) in rabbits fed a HFD for 1 and 3 weeks was markedly greater (+207% and +241%, respectively) than in rabbits on a ND.
Similarly, when expressed relative to body weight, adipose tissue weight was also increased in both HFD groups (+178% and +221%) compared with ND rabbits. There was no difference in absolute or relative adipose tissue weight between rabbits on a HFD for 1 or 3 weeks. However, dualenergy x-ray absorptiometry scanning showed that total % of all body fat was greater in 1-week HFD rabbits (+104%; P=0.002) and further increased in 3-week HFD rabbits (+179%; P<0.001) when compared with ND rabbits (Table) . Furthermore, 3-week HFD rabbits exhibited 36% higher total % fat than 1-week HFD rabbits (P=0.02; Table S1 in the online-only Data Supplement). There were no differences in relative lean muscle mass or in bone mineral content between groups (Table S1 in the online-only Data Supplement).
Discussion
The major findings of the current study were that short-term feeding of a HFD to rabbits induced hypertension at 1 week that was inhibited by ICV injection of an insulin antagonist but not by a leptin receptor antagonist. However, by 3 weeks the hypertension and the activation of the sympathetic nervous system were markedly reduced by central injection of a specific leptin antagonist. At this time the insulin receptor antagonist reduced blood pressure slightly but had no effect on RSNA. We have previously shown the strong relationship between the elevation of cardiovascular variables and circulating hormones, particularly between HFD-induced increases in RSNA and plasma leptin. 5, 6 The present study provides our first evidence of a clear causal relationship with central leptin signaling driving the elevation of RSNA and blood pressure. We also show that the elevation of insulin contributes to the higher blood pressure initially but not through elevation of RSNA. These findings demonstrate that leptin and insulin play key but apparently separate roles in the central nervous system, contributing to short-term HFD-induced changes in blood pressure and sympathetic activity.
There is a clear disconnect with the rapid hypotension produced by the leptin antagonist and the fall in RSNA, which occurs later. This suggests that the antagonist is likely blocking sympathetic vasomotor pathways to beds other than the kidney, and reducing RSNA, which in the short experimental duration, may not contribute to the hypotension. Because RSNA is under strong baroreflex control, 14 the hypotension would be expected to increase RSNA or at least oppose the direct actions in the central nervous system of the leptin antagonist. As the baroreceptors reset rapidly, 17 the influence of baroreflex stimulation diminishes, and the underlying inhibition of the RSNA would be expected to manifest, which indeed seems to be the case.
The effect of the leptin antagonist was only evident after 3 weeks of HFD and not at 1 week, which is a time we have previously found markedly elevated plasma leptin levels. 6 Our present study showed that effectiveness of the leptin antagonist was associated with the emergence of a central pressor and sympathoexcitatory effect of leptin, an effect we had previously reported to occur at 3 weeks. 5 Together these findings suggest that the activation of RSNA is not dependent on the current circulating levels of leptin but more on the presence of high circulating levels of leptin for a considerable period of time (several weeks). This finding is in accordance with our previous study that found that the hypertension and high RSNA persisted long after ceasing of the HFD and the normalizing of circulating levels of leptin. 6 In that study we postulated that the persistence of the hypertension and high RSNA levels in the presence of normal levels of insulin and leptin may be attributable to central actions of other adipokines or elevated plasma fatty acids. However, this now seems unlikely with the current findings where insulin seems mainly responsible for the early phase of the blood pressure rise even with the presence of adiposity and the elevated leptin that made little contribution. We confirmed the rapid deposition of visceral fat 5, 6 by 2 independent methods, including dualenergy x-ray absorptiometry scanning, which showed a nearly 4-fold increase in fat mass with no change in lean muscle mass or bone density. Although the body weight gain is small on a HFD, the amount of fat rapidly expands in parallel with the increased plasma leptin observed at 1 week of a HFD.
The question remains as to why there is a delay in the dependence of HFD-induced sympathoexcitation on central leptin signaling once leptin levels are increased (current study) and a delay in the recovery once leptin levels fall (previous study). 6 Thus, there is no simple relationship between elevated peripheral levels of leptin emerging from visceral fat and the central signaling to produce sympathoexcitation. The appetite regulatory signaling has been quite well studied and involves activation of leptin receptors within the arcuate nucleus to inhibit appetite via activating proopiomelanocortin neurons and inhibiting neuropeptide Y neurons that project to other regions of the hypothalamus, such as the paraventricular nucleus and anterior and lateral hypothalamus. 18 However, the pathways that mediate leptin signaling to increase SNA are less clear, although they likely involve similar hypothalamic pathways and neurons. Leptin may also act in multiple hypothalamic regions as demonstrated by direct microinjection of leptin in the dorsomedial medulla in rats to reduce blood pressure and in the ventrolateral hypothalamus to reduce both blood pressure and RSNA. 19 At this stage we can only speculate about the reason for the delayed contribution of central leptin to the sympathoexcitation and hypertension, although it does seem to coincide with the occurrence of leptin resistance, which we have observed in rabbits after 3 weeks of HFD when the number of Fos-activated neurons induced by central leptin administration is markedly reduced. 5 The suppressor of cytokine signaling 3 is a negativefeedback regulator of leptin signaling involved in leptin resistance. 20 However, the increased sensitivity to leptin and its contribution to increased RSNA cannot readily be explained by the lack of development of an inhibitory signal, such as suppressor of cytokine signaling 3. Perhaps more relevant is the time course of changes to hypothalamic signaling in mice during a HFD, which shows that proopiomelanocortin mRNA increases at 2 weeks but not at 1 week. 21 Other neuropeptide signals, such as neuropeptide Y, agouti-related protein, orexin, and suppressor of cytokine signaling 3, are not altered. 21 The present study importantly investigated the contribution of central insulin to the hypertension and activation of RSNA during a short-term HFD given to conscious rabbits. ICV injection of a specific insulin antagonist reduced blood pressure and HR equally at both 1 and 3 weeks but there was little effect on RSNA. The effects were less than the effect of leptin at 3 weeks. These findings suggest that the initial increase in blood pressure early on in a HFD when the hypertension is modest is largely driven by central actions of insulin. These effects persist but by 3 weeks, clearly the cumulative influence of circulating leptin and the increased sensitivity to its central actions are greater than that of insulin.
Insulin is taken up into the brain from the blood stream by a receptor-mediated transport process. 22, 23 It functions as a peripheral regulator of nutrient storage and release as well as a key afferent signal to the central nervous system for energy balance. 10 Insulin receptors are expressed in several regions of the central nervous system, with a high density in the hypothalamus. 24, 25 Neurons in the arcuate nucleus that express proopiomelanocortin and others that express neuropeptide Y, both express insulin receptors. 26, 27 However, the surprising finding was that although the central effects of the insulin antagonist were clear early on in those animals on a HFD, there was no effect of the insulin antagonist on RSNA. Similar to our findings, Vaz et al 28 have reported that in obese subjects, although fasting serum insulin concentrations are higher, serum insulin and renal noradrenaline spillover values are not quantitatively related, which shows that hyperinsulinemia per se does not lead to elevated RSNA. Furthermore, ICV infusion of insulin to rats increases lumbar SNA but not RSNA. 29 Together with our finding, it would seem that the early increase in blood pressure to diet-induced elevation of insulin signaling may activate sympathetic vasomotor activity to beds other than the kidney. An additional suggestion is that the hypotension we observed to the central insulin antagonist was a result of reduced cardiac output, possibly related to the reduction in HR or in venous return (both can be decreased by inhibiting sympathetic activity). There is an established relationship between the ultradian rhythms of insulin secretion and the rhythms of autonomic function, presumably to cope with the metabolic load changes associated with the sleep/active cycle 30 and to also coincide with the higher post prandial glucose. Thus, there is a conjunction between the metabolic and cardiovascular needs of high activity periods linked through hypothalamic circuitry, 30 perhaps involving cardiac sympathetic activity (based on the known actions of central insulin on baroreflex curves in rats). 31 We have reported a strong relationship between the changes in glucose levels and HR in a previous study of rabbits on a HFD. 32 Thus, it follows that the HFD, being high in calories and leading to higher levels of plasma glucose and insulin, may inappropriately signal higher levels of HR and hence cardiac output and blood pressure at the level of the hypothalamus.
Interestingly, we did not see a reduction in HR with leptin at 3 weeks. However, this was in the presence of a rapid large fall in blood pressure, which would normally induce a reflex tachycardia. We have previously shown that the HR baroreflex curve shifts to the right and the upper plateau increases after 3 weeks of HFD. 6 Thus, the leptin antagonist may reverse these changes and by altering the baroreflex curve allows for larger changes in blood pressure without influencing HR.
A strength of our current study was that we documented the effectiveness of the leptin and insulin antagonists. In separate experiments we used dose-response curves to determine initially the optimum pressor effect of leptin and insulin (at 3 weeks and 1 week of a HFD, respectively) and then pretreated rabbits ICV with the same dose of the antagonist before the agonist. We found that the pressor responses to leptin and insulin were abolished by the antagonist pretreatment. We also included control ICV injections of Ringer's solution, which had no effects on MAP, HR, and RSNA in both ND and HFD rabbits.
Perspectives
We have now shown that the elevation of blood pressure and RSNA induced by a HFD for several weeks is predominantly mediated by central actions of leptin. Furthermore, central actions of insulin contribute a smaller proportion of the hypertension initially, presumably through sympathoexcitation but independently of RSNA. The rapid cardiovascular response to insulin elevation (or decrease after removal of a HFD) may reflect the role of insulin in the diurnal pattern of responding to circulating glucose and the metabolic load changes associated with the sleep/active cycle 30 and to also coincide with the higher post prandial glucose. By contrast, there is a considerable delay in the renal sympathoexcitatory effects of leptin, which may allow for short-term regulation of sodium excretion in relatively limited periods of feast and famine. Future studies are now aimed at understanding why elevation of leptin for several weeks eventually leads to increased RSNA and blood pressure. 
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